Ba4NbMn3O12 is reported, synthesized by a solid state method in air. The crystal structure, determined by performing refinements on room temperature powder X-ray diffraction data by the 2
Introduction
Manganese-based perovskites have been intensively researched due to the metal-insulator (MI) transitions and colossal magnetoresistance (CMR) 1, 2, 3, 4 in this family. The interesting properties have been attributed in part to the competition between a ferromagnetic metallic state and an antiferromagnetic insulating state, and the presence of charge-ordering. Manganates are also well known due to other structural, electronic, and magnetic characteristics 5, 6 . In the hexagonal perovskite RMnO3 phases, for example, the electric polarization is reported to be the result of a structural transition 7 and the improper nature of ferroelectricity to a network of coupled structural and magnetic vortices that induce domain wall magnetoelectricity and magnetization 8 .
Of particular interest for CMR are materials with lower structural dimension based on the Ruddlesden-Popper series 9 , but quasi-1D materials are also of interest 10 . Instead of sharing corners in a 3D network as in corner-sharing perovskites, the MnO6 octahedra in the quasi-1D materials can share faces with each other to form Mn2O9 dimers or Mn3O12 trimers. These Mn mini-clusters are isolated from other clusters in the structure. This type of MnO6 configuration is relatively uncommon because the Mn-Mn distances of about 2.5 Å within the clusters are shorter than the 3.5 Å typically found in corner-sharing geometries 11 . Oxygen deficient BaMnO3-x and (Ba,Sr)MnO3-x phases are good examples of materials where clusters of face-sharing MnO6 octahedra are found 12 .
In the current work, we report the synthesis and initial characterization of the mixed valent Mn 3+ /Mn 4+ compound Ba4NbMn3O12. The crystal structure of this previously unreported phase, which is much like that of Ba4REMn3O12 (RE = Ce, Pr) 13 , consists of face-sharing MnO6 octahedra forming Mn3O12 trimers with their long axes aligned along the hexagonal c axis of the trigonal symmetry crystallographic cell. From magnetic susceptibility measurements, the effective magnetic moment is found to be 4.82 μB/f.u., consistent with a simple spin configuration within the trimers. Resistivity measurements show that Ba4NbMn3O12 is semiconducting with a transport gap of 0.37 eV. The current phase is chemically and structurally distinct from recently reported Ba8MnNb6O24, which, among other differences, does not appear to contain any face shared octahedra 14 .
Methods
Polycrystalline samples of Ba4NbMn3O12 were synthesized by solid-state reaction using BaCO3, MnO2, and Nb2O5 (Alfa Aesar, 99.9%, 99.999%, and 99.5%, respectively) as starting materials.
Reagents were mixed thoroughly in the appropriate ratio, placed in an alumina crucible, and heated in air at 900 ℃ for 24 hours. The resulting powder was re-ground, pressed into a pellet and heated in air at 1100 ℃ for 24 hours, and then at 1300 ℃ for 12 hours. The phase purity and crystal structure were determined through powder X-ray diffraction (PXRD) using a Bruker D8 Advance
Eco with Cu Kα radiation and a LynxEye-XE detector. The structural refinements were performed with GSAS 15 . The crystal structure drawing was created by using the program VESTA 16 .
The magnetic susceptibility of Ba4NbMn3O12 powder was measured by a Quantum Design Physical Property Measurement System (PPMS) DynaCool equipped with a VSM option. The magnetic susceptibility of Ba4NbMn3O12, defined as M/H, where M is the sample magnetization and H is the applied field, was measured at the field of H = 1 kOe from 1.8 K to 300 K; some additional measurements were performed in an applied field of 100 Oe. (Relatively low fields are employed so as to not overly disrupt the magnetic system through the measurements.) The resistivity of Ba4NbMn3O12 was measured by the DC four-contact method in the temperature range 200 K to 350 K with the PPMS. The sample was pressed, sintered, and cut into pieces with the approximate size 1.0 × 2.0 × 1.0 mm 3 . Four Pt contact wires were connected to the sample using silver paint. The specific heat was measured from 1.8 K to 200 K by a PPMS DynaCool equipped with a heat capacity option.
Results and discussion
The powder x-ray diffraction pattern and structural refinement of Ba4NbMn3O12 are shown in 12, 20 .
The fitted χ0 in this scenario is then a representation of the remnant susceptibility of the magnetic system after the local-only magnetic ordering has set in within the individual trimers at temperatures above 300 K. Resistivity data from 300 to 350 K were fit to the standard model = , and the transport activation energy Ea was calculated to be 0.37 eV. The inset shows the increase in resistivity when cooling. With the activation energy of 0.37 eV, Ba4NbMn3O12 is a semiconductor, similar to other trimer-based compounds (Ba4NbRu3O12 and Ba4LnRu3O12 and Ba4LnIr3O12) 17, 21 . Figure 7B . In this case we employed a polynomial function fit to the data above and below the anomaly to estimate the phonon background; at this level of analysis we do not attach any significance to the function employed to estimate the phonon part. In this way the magnetic entropy change in the higher temperature range is estimated to be 0.45 J mol -1 K -1 . This relatively weak anomaly implies that there is a significant remnant of magnetic entropy in Ba4NbMn3O12 below the 42 K transition. The specific heat in the lower temperature range is shown in more detail in Figure 7C , which shows another entropy loss at 5-6 K. In this case the phonon part of the specific heat is estimated by a Debye-Einstein model, again to which we attribute no physical significance at this level of analysis. The magnetic entropy at this lower temperature, which does not clearly yield a feature in the magnetic susceptibility, is found to be 2.67 J mol -1 K -1 . For these two temperature regions only, only one-fourth of the magnetic entropy expected for an S=2 Heisenberg system is recovered. There is a more subtle feature in Cp/T at around 30 K that may hold a significant amount of entropy, but we cannot reasonably analyze it at this time. Aside from the most general conclusions described here, analysis of the specific heat cannot be considered as well-established at present, as we have not been able to make a non-magnetic analog to use to best model the phonon contribution to the specific heat of this material. A straightforward analysis (See the SI, Figure S2 and S3) shows that the observed magnetic transition near 42 K cannot possibly be due to the presence of an Mn3O4 impurity.
Conclusion
Ba4NbMn3O12, a previously unreported material synthesized by a solid state method, crystallizes in a 12-layer hexagonal perovskite unit cell with the R-3m space group. Differences in the Mn-O bond lengths in the octahedra, although subtle, may reflect the presence of charge ordering, although we do not believe that the distinction is great enough to warrant assigning specific charge states to specific octahedra at the present time. The material has a high, temperature-dependent resistivity, indicating that it is semiconducting, with a transport activation energy of 0.37 eV with the proposal that most of the magnetic entropy is lost at higher temperature than is studied here. A non-magnetic analog for this system would be of interest to account for the phonon contribution in the specific heat so that a more detailed interpretation of the entropy will be possible. Magnetic neutron diffraction will also be of future interest to establish the nature of the magnetism in this material. As for Mn-based conventional perovskites, hexagonal Mn-based perovskites appear to display rich magnetic phenomena. 
